We show the successful intercalation of large area (1 cm 2 ) epitaxial few-layer graphene grown on 4H-SiC with FeCl 3 . Upon intercalation the resistivity of this system drops from an average value of ≈ 200 Ω/sq to ≈ 16 Ω/sq at room temperature. The magneto-conductance shows a weak localization feature with a temperature dependence typical of graphene Dirac fermions demonstrating the decoupling into parallel hole gases of each carbon layer composing the FeCl 3 intercalated structure.
The chemical functionalization of graphene with atomic species and/or molecules offers a unique way to engineer novel physical properties which are not found in pristine graphene [1] . For example the functionalization with fluorine or hydrogen is known to open an energygap whose value is a function of the coverage of adatoms [2, 3] . On the other hand, the intercalation of guest atoms or molecules into few layer graphene grants access to unique conductive [4] , magnetic [5] and superconducting [6] properties of these materials. Recent experiments on intercalation with FeCl 3 of mechanically exfoliated few-layer graphene have reported an extraordinarily large charge doping (up to 9 * 10 14 cm −2 ) with a record low electrical resistivity (< 8 Ω/sq) and high optical transparency in the visible wavelength (> 84 %) [4] , which make this material attractive for applications requiring transparent electrodes.
At the same time the experimental realization of Ca-and FeCl 3 -intercalated bilayer graphene [5, 6] provides a promising platform to investigate magnetism and superconductivity in twodimensional systems.
So far most of the scientific effort has focused on the study of chemical functionalization of mechanically exfoliated graphene and of graphene grown by chemical vapour deposition, whereas the functionalization of epitaxially grown graphene on SiC is still in its infancy [7, 8] . Since epitaxially grown graphene on SiC is one of the main contenders for large area manufacturing [9] of high quality graphene, understanding the chemical functionalization of epitaxial graphene is a fundamental first step to ensure the full exploitation of this material. Furthermore, SiC-based electronic devices are uniquely suited for complementary applications to those targeted by standard Si-based electronics [10] . Therefore, functionalized epitaxial graphene on SiC could enable the development of a new class of electronic applications for hostile-environment working conditions -e.g. space applications with high radiation levels [11] or nuclear power centrals. From a fundamental point of view, functionalized epitaxial graphene could enable the study of states of matter such as magnetism and intrinsic superconductivity in the extreme two-dimensional limit inherent in this atomically thin material.
Here we present a detailed study of FeCl 3 intercalated few-layer epitaxially grown graphene on 4H-SiC with a surface area of ≈ 1 cm 2 , see Figure 1a . From the analysis of the Raman spectra and conductivity measurements we find that the intercalation process is uniform and the typical room temperature square resistance drops from 174 ± 9 Ω/sq to 16.6 ± 0.6 Ω/sq upon intercalation. The measured magneto-conductance (MC) shows a strong weak localization (WL) feature at cryogenic temperatures (< 25K) whose temperature dependence is well-described by the WL theory of a single layer graphene [12] . pivotal for pioneering the physics of plasmons in unprecedented ranges of wavelengths [13] .
Pristine few-layer graphene (FLG) was grown via thermal decomposition of the silicon terminated face of 4H-SiC [14, 15] . The layer number of pristine graphene was determined by
Raman spectroscopy. The intercalation of FLG with FeCl 3 is schematically shown in Figure   1b . This process was performed in vacuum for a total of 24 hours using the two zone vapour transport technique described by Khrapach et al. [4] . Raman spectroscopy and electrical transport measurements were employed to characterise the structure and macroscopic sheet resistance of the intercalated samples. To ascertain the intrinsic electrical properties of this material we measured the magneto-resistance with standard lock-in technique in Hall bar devices (length 200 µm and width 50 µm) from 200K down to 280mK and with perpendicular external magnetic fields up to ± 2T.
Recent experiments on FeCl 3 intercalated FLG obtained from mechanically exfoliated natural graphite have reported a large charge transfer between the intercalant and graphene [4] . This modifies the Raman spectra of FLG in two distinct ways: an upshift of the G-band and a change of the 2D-band from multi-to single-peak structure, respectively (see Figure   1c) . A graphene sheet which has only one adjacent FeCl 3 layer gives rise to the G 1 -band (1612cm −1 ), whereas a graphene sheet sandwiched between two FeCl 3 layers is characterised by the G 2 -band (1625cm −1 ) [4, 16, 17] . The changes observed in the shape of the 2D-band indicate decoupling of the FLGs into separate monolayers due to the intercalation of FeCl 3 between the graphene sheets. Figure 1d shows a comparison of the measured Raman spectra for pristine and interca- Upon intercalation with FeCl 3 a single Lorentzian is the best fit of the 2D peak (red).
lated FLGs. Unlike graphene deposited on SiO 2 , the Raman spectra of epitaxial graphene contains the signal from the SiC substrate in the spectral region of the G band. To separate the 4H-SiC and graphene Raman spectra we have subtracted the spectrum of 4H-SiC in the G-band region by following the procedure introduced by Rohrl et al. [18] . For pristine FLG on 4H-SiC, both G and 2D bands are upshifted as compared to pristine FLG on SiO 2 due to the substrate induced strain [18] [19] [20] . To identify the number of layers in pristine FLG the successful intercalation of FeCl 3 molecules in the epitaxial FLG. At the same time, the 2D-band structure of the FLG on SiC is changed from a multi-peak structure to that of a single Lorentzian and the 2D-band downshifts to that of monolayer graphene on 4H-SiC (≈2715cm −1 ), see Figure 1d . These observations demonstrate that our FeCl 3 -FLG on SiC has three graphene sheets and two FeCl 3 layers intercalated between the graphene sheets as schematically illustrated in Figure 1b . Therefore, this intercalation stage leads to the formation of 3 parallel hole gases, where the top and bottom gases will have similar values of charge density which will be lower than the charge density of the middle hole gas.
The sheet resistance of the as grown epitaxial FLG and with top-gates on SiC [21] and is comparable to that achieved in electric-double-layer FLG transistors [22, 23] .
Measurements of the temperature dependence of the longitudinal resistivity reveal that ρ xx decreases monotonously from 175K down to 25K as expected for heavily doped graphene [4] , see Figure 3b . However, at temperatures below 25K we systematically observe an increase in ρ xx which was not previously observed in intercalated mechanically exfoliated FLG and whose quantum nature can only be unveiled with a detailed study of the magnetic field dependence. Figure 3c shows a typical measurement of ρ xx (B) at temperature T=300mK.
A zero-field peak characteristic of weak localization is clearly visible [24] . As the magnetic field breaks time-reversal symmetry, the quantum interference is reduced and a classical magneto-resistive signal is observed (|B| ≥ ±250mT ). Note that owing to the macroscopic size of the epitaxial-FLG Hall bars we can directly measure the weak localization signal without the need for subtracting any mesoscopic conductance fluctuations typically present in devices fabricated on mechanical exfoliated graphene [24] .
A detailed study of the temperature dependence of the longitudinal magneto-resistivity shows that the WL peak is heavily suppressed when the temperature increases, see Figure   4a . At the same time the concavity of the roughly parabolic shape background of ρ xx vs. B is clearly temperature independent. Recent experiments have shown that the longitudinal magneto-resistance can be understood as the sum of a Drude term plus a correction due to electron-electron interaction. The fingerprint of the electron-electron interaction correction is a strong temperature dependent concavity of ρ xx (B) [25] . The fact that our measurements show no significant change of the concavity as a function of the temperature (see Figure   4a ) implies that for FeCl 3 -FLG the electron-electron interaction correction to the magneto- resistance is negligible compared to the classical Drude term. Indeed, if we only consider the conductivity tensor with terms σ xx,j = σ 0,j 1+(µ j B) 2 and σ xy,j = σ 0,j µ j B 1+(µ j B) 2 , where σ 0,j is the classical Drude conductivity for each hole gas indexed by j, we can describe accurately the experimental data using the equivalent magneto-resistance for 3 parallel hole gases of which two with similar charge density as previously identified from Raman spectroscopy, see Figure   4a .
Further evidence that the hole gases present in FeCl 3 -FLG are decoupled Dirac fermions is provided by a detailed analysis of the WL correction which we conduct on the signal after subtracting the classical magneto-resistance background, see Figure 4b . We consider the equivalent MC for the intercalated-FLG to be ∆σ = 3 j=1 ∆σ j , with ∆σ j the wellestablished MC for Dirac fermions in single-layer graphene [12] :
B is the applied perpendicular magnetic field, B φ,i,⋆ = 4De τ −1
and ψ is the digamma function.
In graphene WL is uniquely sensitive to inelastic phase breaking processes characterized by a dephasing scattering time τ φ and also to elastic scattering that breaks the chirality of the charge carriers (e.g. scattering off surface ripples, dislocations and atomically sharp defects) with a corresponding scattering time τ s . A potential anisotropy of the Fermi surface in k space, i.e. trigonal warping, can also destroy intravalley WL and the associated scattering time is τ w , and τ −1
w . Finally the intervalley scattering which occurs at a rate τ
on defects with size of the order of the lattice spacing, promotes the interference of carriers from different valleys in momentum space. In this fit procedure we find that the term in Eq. (1) containing B ⋆ is negligible, stemming for a very short τ ⋆ compared to the other characteristic times (i.e. τ i and τ φ ). The good agreement between the experimental data and the model holds for a very wide range of temperatures starting from 280mK up to the highest measured (80K). We can therefore conclude that our samples are in the regime where τ tr ≈ τ ⋆ << τ i << τ φ . If we assume an identical diffusion constant for each hole gas we can estimate the value of τ φ at each different measured temperature. Since the typical behaviour of the dephasing time, as predicted by theory is power-like [26] (e.g. τ φ ∝ T −2/3 for narrow wires), we plot our data in a double logharitmic scale, see Figure 4c . This analysis reveals two different regimes: rapid decrease of the dephasing time for temperatures T > 4K and nearly saturated behaviour at low temperature. Such saturation is common for samples with magnetic impurities in microscopic concentrations [27, 28] which in graphene can originate from chemisorbed magnetic atoms, hydroxyl groups, vacancies or resonant localized states in the vicinity of the Dirac point [29] .
In our case the presence of iron in the intercalant specie is a source of magnetic impurities, which can account for the observed saturation of the dephasing time.
The dephasing length can be directly extracted from the parameter B φ using the relation 
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Natural graphene Ref. [32] FIG . indicated by S1 and S2) with values measured in pristine epitaxial FLG [25, 30] , CVD graphene [31] and graphene mechanically exfoliated from natural graphite [32] . The overall temperature dependence of L φ is similar for all the different kinds of graphene, however two striking features distinguish FeCl 3 -epitaxial FLG from pristine-FLG. More specifically FeCl 3 -FLG has (1) larger values of L φ than pristine graphene at a given temperature and (2) L φ decreases rapidly only for temperatures much higher than what is observed in pristine graphene, see Figure 4d .
To explain the macroscopic scales of the quantum coherence estimated in our samples even in the presence of magnetic FeCl 3 molecules -expected to be a source of excess dephasingand the temperature dependence of L φ we have to consider what is known on the magnetic ordering in stage one FeCl 3 -intercalated graphite. This material is a Heisenberg system characterized by two distinct magnetic orderings [33] [34] [35] , these are (1) strong 2-D magnetic correlations in the plane of FeCl 3 with a transition temperature of ∼ 30K and (2) a transition to 3-D antiferromagnetism between planes of FeCl 3 at 3.8K. These magnetic phases have been studied experimentally in bulk materials with Mössbauer and neutron diffraction [33, 34] . A theoretical understanding of the structural, electronic and magnetic properties in FeCl 3 -FLG was only recently presented using ab initio numerical simulations using a generalized gradient approximation of Perdew-Burke-Ernzerhof with an effective interaction parameter which accounts for the Hubbard parameter as well as the exchange interaction [36] . It was found that for stage one FeCl 3 -FLG within the spin-polarized calculations at low temperature the 3-D magnetic ground state is antiferromagnetic, that is 1.5 eV per unit cell lower than the ferromagnetic configuration. At the same time the magnetic moments of FeCl 3 are expected to align ferromagnetically in the same intercalant layer. Finally, the band structure of this compound is also expected theoretically to have a linear dispersion with a Fermi energy of ∼ 0.9eV [16, 36] as confirmed by recent experimental studies [4] .
Spin-flip scattering off time dependent randomly oriented magnetic moments is a cause of excess dephasing in mesoscopic systems [27] [28] [29] . However, upon attaining a macroscopic magnetic ordering, the charge carriers experience less spin-flip scattering events leading to a longer phase coherence length. Although the material studied in this article is not bulk,
i.e. it is only a 3-layer FLG, we observe experimentally large values of L φ for T < 30K
(compatible with the 2-D magnetic correlations in the plane of FeCl 3 ) and a saturation of L φ for T lower than ∼ 4K, see Figure 4d . Therefore, considering what is known on the magnetic ordering in this kind of intercalated compounds [33] [34] [35] [36] that this novel material is a good platform for studying magnetic ordering in the extreme two-dimensional limit of graphene.
